Some theories of planet formation and evolution predict that intermediate-mass stars host more hot Jupiters than Sun-like stars, others reach the conclusion that such objects are very rare. By determining the frequencies of those planets we can test those theories.
INTRODUCTION
While many studies have been carried out to determine the frequency of planets of Sun-like stars, there is a considerable lack of information about the frequency of closein planets of intermediate mass stars (IMSs) in the range 1.3M ≤ M ≤ 3.2M . This is very unfortunate, because the various theories of planet formation make different predictions about the frequencies of planets orbiting IMSs, particularly for massive planets at short orbital periods. We can thus test the theories of planet formation by determining the frequency of planets orbiting IMSs particularly if we determine the frequency of planets in short orbital periods. Most theories predict that the frequency of massive E-mail: sabotta@tls-tautenburg.de planets should increase with the mass of the star (Laughlin & Bodenheimer 1993; Ida & Lin 2005; Kennedy & Kenyon 2008; Alibert et al. 2011; Mordasini et al. 2012; Hasegawa & Pudritz 2013) . Some models however predict the opposite (Kornet et al. 2006; Boss 2005) .
Direct-imaging surveys of main-sequence A-type stars have revealed a number of planets e.g. Marois et al. (2008) or Marois et al. (2010) . Vigan et al. (2012) analysed the frequency of planets of main-sequence IMSs based on direct imaging surveys statistically. They conclude that stars more massive than the sun have a higher frequency of massive planets, at least at semi-major axis ranges between 10-300 au.
Unfortunately, classical radial-velocity (RV) surveys are not very suitable for studying A-type main-sequence stars.
They have a relatively small number of spectral lines and rotate rapidly.
One way out of this dilemma is to observe post-main sequence stars, the so-called retired A-type stars. RV surveys of retired A-type stars are very successful and have resulted in many discoveries e.g. Johnson et al. (2010b,a) , Lovis & Mayor (2007) . The statistical analysis by Johnson et al. (2010b,a) indicates a higher frequency of massive planets for intermediate mass stars than for Sun-like stars. However, the results of Johnson et al. (2010b,a) have been criticized by Lloyd (2011 Lloyd ( , 2013 who argued that the mass determination of post-main sequence stars through spectroscopy and evolutionary tracks is not reliable. Consequently the masses have been reevaluated with asteroseismology (North et al. 2017; Stello et al. 2017 ) and for a subsample of retired Astars in binary star systems (Ghezzi & Johnson 2015) . The so-determined masses are in agreement or 15-20 per cent lower than the ones originally derived by Johnson et al. (2010b,a) . Ghezzi et al. (2018) reanalysed the masses of 245 subgiants spectrosopically and reached to the same conclusion. It therefore appears that the frequency of massive planets of IMSs is higher than that of Sun-like stars.
However, these surveys have only detected planets at distances larger than 0.5 au from the host star. A more conclusive test would be to study the frequency of short-period (less than 10 d), massive planets for which theories make very different predictions. Hasegawa & Pudritz (2013) predict that the frequency of hot Jupiters increases dramatically with the mass of the host star. The reason for this is that hot Jupiters form in a 'dead-zone' close to the star, which contains a large amount of matter. In sharp contrast to this, Stephan et al. (2018) call A-type stars 'the destroyers of worlds'. Most A-type stars have stellar binary companions that can strongly affect the dynamical evolution of planets around either star through the eccentric Kozai-Lidov mechanism (e.g. Naoz 2016; Naoz et al. 2012; Petrovich 2015; Anderson et al. 2016 ). The binary fraction of A-type stars is much higher than of Sun-like stars (e.g. 84± 11 per cent in Moe & Di Stefano 2017) . Stephan et al. (2018) predict that only 0.15 per cent of A-type stars will host hot Jupiters during their main-sequence lifetimes. There are thus completely contradicting predictions from theory, the rate of hot Jupiters could be higher than for G-stars, e.g., ≥ 1.2 ± 0.38 per cent (Wright et al. 2012) , or the rate could be as low as 0.15 per cent. Determining the frequency of hot Jupiters orbiting A-type stars is an excellent test of the theories of planet formation and evolution.
Since classical RV-surveys are not suitable to effectively detect planets around A-type stars, a better strategy is to use transit surveys. A number of transiting hot Jupiters of Atype main-sequence stars have been found. The first one was WASP-33 b/HD 15082 b (Cameron et al. 2010) which has an orbital period of only 1.2 days. Using 248 RV-measurements obtained with the Alfred-Jensch telescope we determined its mass to 2.1 MJup ± 0.2 MJup (Lehmann et al. 2015) .
Other hot Jupiters of A-type stars found in transit surveys are Kepler-13 b (Shporer et al. 2011 ), HAT-P-57 b (Hartman et al. 2015) , KELT-17 b (Zhou et al. 2016) , MASCARA-1 b (Talens et al. 2017 9 b/HD 195689 b (Gaudi et al. 2017) , KELT-19A b (Siverd et al. 2017 ) and MASCARA-4 b/bRing-1 b (Dorval et al. 2019) . Studying the hot Jupiter population around hot stars is interesting not only because their frequency constrains the theory of planet formation, but also because they are ideal laboratories to study atmospheric escape and the properties of planet atmospheres. Balona (2014) found peculiar features in the periodograms of the light curves of 166 A-type stars. Given that he found this feature in 166 out of 1974 A-type stars, he concludes that about 8 per cent of the A-type stars could have massive planet or brown dwarf companions which have orbital periods of 6 days or less. If this is true, the number of known planets around A-type stars would increase drastically (see Fig. 1 ).
Although this is an exciting result, the hypothesis has not been tested yet. It is thus time to shed new light onto the question, if the fraction of A-type stars that have a closein massive planet is higher, or of it is much lower than for Sun-like stars.
In this paper we will present our investigation of the 166 A-type stars reported by Balona (2014) . Our paper presents radial velocity data obtained by the echelle spectrographs at the Alfred Jensch and the Perek telescope. The datasets and results are described in Section 2. Furthermore we looked for transits in the sample. We then investigated the hot Jupiter frequency in the Kepler A-star sample. The analysis is shown the Sections 3 and 4. Discussion and our conclusions can be found in Sections 5 and 6 2 RV-MEASUREMENTS Balona (2014) analysed the light curves of 1974 A-type stars obtained with the Kepler satellite (Borucki et al. 2010) . They found peculiar features in the periodograms of 166 of them. The peculiar feature consists of a broad peak (possibly due to differential rotation) and a sharp feature at a slightly higher frequency. Balona (2014) claim that the sharp feature could be caused by a planet with a similar orbital period as the rotational period.
Since Balona (2014) interpret the peculiar feature as a 1 Taken from Gaia DR2 (Gaia Collaboration et al. 2016 Collaboration et al. , 2018 2 Taken from Frasca et al. (2016) 3 Taken from Høg et al. (2000) result of the beaming and ellipsoidal modulations (Mazeh & Faigler 2010) , the object causing this would have to be a massive hot Jupiter, or a brown dwarf, or even low-mass stellar companion (Tal-Or et al. 2015) . This hypothesis can thus be tested by obtaining RV-measurements with meterclass telescopes. However, A-type stars are usually rapidly rotating and have only few spectral lines. The expected RVerror is proportional to the v sin i of the star. Therefore, the expected RV precision is 20-60 times lower than for a comparable G-type star (Hatzes 2016) . One way to deal with the lower RV precision is to take a lot of measurements. For example, we required 248 RV-measurements to determine the mass of WASP-33b (Lehmann et al. 2015) , which has a K-amplitude of around 300 m s −1 . By selecting a number of stars from this list and obtaining several tens of RV measurements of each one, we can put first constrains on the masses of potential companions. Therefore, we randomly selected a small subsample of six stars that were observed with the 2-m telescopes in Tautenburg and Ondřejov. An overview of the properties of this subsample is provided in Table 1 .
Data obtained with the Alfred-Jensch 2-m telescope at Tautenburg observatory
The sample of six A-type star planet candidates was monitored with the 2-m Alfred Jensch telescope of the Thüringer Landessternwarte Tautenburg which is equipped with an echelle spectrograph with resolving power of λ/∆λ = 35000 with the two arsec slit used. We observed MASCARA-1 b as a reference object, because it is an A-type star with a known planet.
The typical signal to noise of the obtained spectra is listed in Table 2 :
The data-reduction followed the usual steps, biassubtraction, flat-fielding, removal of Cosmic Rays, scattered light subtraction, extraction, wavelength calibration and normalization. All methods were combined using the Taut- Smette et al. (2015) and Kausch et al. (2015) ) with the object spectra.
Data obtained with the Perek 2-m telescope at Ondřejov observatory
The advantage of a monitoring network of telescopes at central Europe is that we can obtain a better coverage of the data sets. Therefore, we also used Perek 2-m telescope located at the Astronomical Institute of the Czech Academy of Sciences at Czech Republic. It is equipped with an Echelle Spectrograph (OES). OES has resolving power λ/∆λ = 44000 and a slit width of 0.6 mm, corresponding to 2 seconds of arc on the sky. Further details and description of instrument capability can be found in (Kabáth et al. 2019) .
We monitored the same sample of stars as Alfred-Jensch telescope as described in Tab 1. The data was reduced in the same way as described in Section 2.1 for the Tautenburg data. To obtain a higher signal to noise 2-3 spectra were combined.
The typical signal to noise of the obtained spectra is listed in Table 3 :
Results of the RV-measurements
The radial velocities were obtained by cross correlation. The template was obtained by co-adding all spectra of the star similar to the method described in Anglada- Escudé & Butler (2012) . We obtained the RV error for each spectrum by cross correlating every order separately. After removing outliers we use the mean value as radial velocity and the standard deviation as the corresponding error.
The resulting RV values were analysed with the Radial Velocity Modeling Toolkit -RadVel -by Fulton et al. (2018) . This (2014) and we assume zero eccentricity as the planets are supposedly close-in.
We have observed MASCARA-1 b as a reference object to make sure that with our method we are capable of measuring masses of hot Jupiters around A-type stars. We used exactly the same method as for the other stars. We took 114 measurements in Tautenburg and analysed them in the same way as described above. We obtain a K-amplitude of 391,m s −1 ± 130 m s −1 (see Fig. 2 ) which is consistent with the K-amplitude reported by Talens et al. (2017) of 400 m s −1 ± 100 m s −1 .
As we do not have as many observations for the 'Balona stars', we will only obtain upper limits for the possible planet masses. To obtain the upper limits we use the fitting algorithm of RadVel with a high initial K-amplitude value. The K-amplitude of the initial fit can be used as an estimate of the upper limit similar to what (Talens et al. 2018 ) did.
To show how this works we reduce the number of measurements of MASCARA-1 b randomly to 30 which is in the order of magnitude of the measurements we obtained for the 'Balona stars'. Still we can fit a radial velocity curve to the data. The result is shown in Fig. 3 . The K-amplitude in this example is 570 m s −1 which matches the upper value obtained from the MCMC algorithm we ran on the whole set of measurements. Running RadVel's MCMC algorithm now gives zero as the most probable Kamplitude.
All six RV-curves of the 'Balona-stars' can be fitted with a simple maximum-likelihood fit as well. As soon as we run the MCMC algorithm the K-amplitudes turn out to be not significant (see e.g. Fig. 4) . We therefore use the K-amplitude of the initial fit and the known stellar masses to obtain upper limits for the possible companion masses with 1 σ confidence. The upper limits with 99 per cent confidence range from 3.8 M Jup -7.3M Jup and are summarised in Table 4 . The similar upper limits are not surprising as the variations are most probably only due to measurement errors. We obtained a similar amount of measurements for each star and a similar S/N for the individual spectra. Therefore instrumental effects would necessarily lead to similar results. All other radial velocity curves are reported in the appendix (Fig. A1, A2 , A3, A4 and Fig. A5 ).
TRANSIT ANALYSIS
The possible planets published by Balona (2014) should all have relatively short periods and large radii. This makes it obvious to look for transits.
From the average stellar radius Rstar ≈ 2.3 R and the typical orbital radius a ≈ 0.02 au (Balona 2014) we can calculate the transit probability P transit = R star a of every single 'possible planet'. It is around 53 per cent. Therefore, the probability that all 166 possible planets are not transiting is as low as 10 −55 . Balona (2014) argues that the transits could be overlooked because the transit takes a big part of the orbit and because it could be hidden in the activity.
We therefore decided to model the transits in the light curves and see if we can retrieve them with the transit finding pipeline EXOTRANS (Grziwa et al. 2012; Korth et al. 2019) .
The possible planets need to have at least the mass and radius of Jupiter. This is because the ellipsoidal-, beaming-and reflection effects are mass and radius dependent (Mazeh & Faigler Fig. 5 we show a simple model of the three effects for a Jupiter-like planet. The figure shows that it is possible to retrieve the amplitude of the light curve variations due to a none transiting companion. In Fig. 6 we show one example of a phase-folded light curve of KIC 9222948. From this we know that we cannot retrieve the shape of the light curve with the model. This could be due to an overlap with an effect on the star, e.g. spots, oscillations, pulsations. We list the expected transit depths of the six stars we have analysed in Section 2.3 for 1 R Jup size planets in Table 5 .
To model the transit we used the actual light curves and combined them with a transit model. This model was obtained by using the code of Parviainen (2015) with the radii obtained from Berger et al. (2018) and the limb darkening coefficients from Sing (2010) . In Fig. 7 , we show one model transit of a Jupiter size object in a Kepler light curve. All modeled transits can be easily retrieved by the detection software.
We consequently ran the transit finding algorithm on all 166 A-type stars and could not detect a single transit event from a Jupiter-like planet. All detected signals were much too small for a Jupiter like transit and were most likely activity signals. None of them can be classified as a hot Jupiter. The only other KOI around A-type stars with orbital periods less than 10 d are KOI 80, KOI 971, KOI 6068, KOI 7733 and have planet sizes of 96 R ⊕ , 134 R ⊕ , 100 R ⊕ and 4.5 R ⊕ respectively. Therefore, none of these objects is likely to be classified as a hot Jupiter later. KIC 11180361 or KOI 971 is also in the sample of Balona (2013) and can be classified as a binary system with the output of EXO-TRANS. KOI 80 and KOI 6068 are more likely to be binary stars as well, considering their transit depth.
Assuming a high occurrence rate of hot Jupiters of around 1.2 per cent, there should be a around 26 hot Jupiters in the whole sample. Even assuming that they are so close that the transit probability is around 50 per cent, there should be only around 13 transiting hot Jupiters in the sample. Taking the lower value of 0.15 per cent only three hot Jupiters should be in the sample of which one or two would be transiting. For a planet orbiting its star in a 10 days orbit instead of a 1 day orbit (about 0.09 au), the transit probability drops as low as 11.5 per cent. In this case three or less transits should be present for the whole Kepler sample.
To obtain a more quantitative statement on the expected number of transits we conduct a small simulation. We take the actual stellar radii of the whole Kepler A-star sample from Berger et al. (2018) -around 2000 stars. We assign each of them a planet with a certain probability (8.4 per cent for a planet frequency of 8.4 per cent). Then this planet gets a random semimajor axis between 0.01 au and 0.1 au. From this we calculate the transit probability P transit = R star a . Then we randomly draw a 1 or a 0 with exactly this probability -equal to throwing a coin that shows 'transit yes' or 'transit no'. Then we count all the transits. We repeat this process 7000 times. After all 7000 simulations are finished, we obtain a number of simulations that show a certain number of transits. This number we translate to a probability density by normalization.
To obtain a range of transits we would expect for different planet frequencies, we take the 2 σ-range of the probability densities (or more precisely the 95 per cent values around the median value) -see Fig. 8 . For a frequency of 0.15 per cent as predicted by Stephan et al. (2018) we therefore expect 0-3 transits and for a frequency of 1.2 per cent we expect 4-15 transits. Therefore, the lower frequency is much more likely.
This raises the question whether we can find an upper limit for the giant planet frequency around Kepler A-type stars. To obtain an estimate of the upper limit we increase the planet frequency of our simulation until the expected number of transits is at least 2. This is the case for a planet frequency of about 0.75 per cent (2-10 transits). This is a rather conservative upper limit considering that 1 σ or 68 per cent of all values already lead to an estimate of 3-8 transits.
If all 'possible planets' were indeed planets (planet frequency of 8.4 per cent) we would expect 49-78 transiting planets.
DISCUSSION
Combining the results from above a very high hot Jupiter frequency of 8.4 per cent (as in Balona (2014)) seems very unlikely for several reasons:
• a transiting hot Jupiter shows up in the Lomb-Scargle periodogram of a light curve -it therefore should be easily detected,
• the Kepler team and pipeline must have missed around 130 transiting objects,
• we derive an upper limit on the hot Jupiter occurrence rate from Kepler light curves of 0.75 per cent,
• the CoRoT survey found evidence that the number of hot Jupiters is similar for A-type and G-type stars and
• an upper limit on the occurrence rate of 4.5 per cent was determined on a sample of A-type stars observed with HARPS and SOPHIE.
In this section we explain our reasoning in more detail.
Kepler-13 A b is a Jupiter size planet that was discovered by Shporer et al. (2011) . In Fig. 9 we show the periodogram of its light curve. It becomes obvious that the rotation period of the star could not be retrieved without first subtracting the transits. This could be one reason why Kepler-13 A b does not show up in the sample of Balona (2013) .
We double checked this assumption with our transit blind tests (see Fig. 7 ) and can confirm that the transiting signal becomes the dominant feature in the periodogram for all hot Jupiters. In the 2013 sample there are two Kepler planets (Kepler-340 b&c and Kepler-1115 b). In those two examples the rotation period is very different from the candidate period such that the rotational peak can still be retrieved.
This means that the selection pattern used to describe the A-star activity in periodograms would exclude all transiting hot Jupiters. Nevertheless, if all 166 planets actually exist and all of them were found in Balona (2014) this means that, as a maximum, exactly the 66 per cent non-transiting planets were selected. The planet frequency would therefore not only be as high as 8.4 per cent but as high as 12.6 per cent. This means that the remaining around 1800 stars should show around 130 transiting hot Jupiters. The fact that by the Kepler pipeline itself only one example of a transiting hot Jupiter was found makes it very improbable that 129 transiting planets were overlooked until now. This scenario is unlikely given that Kepler-13 A b was easily detected.
In the CoRoT survey, Guenther et al. (2016) found 9 candidates for planets of A-type stars. Three of them are binaries, one is a brown dwarf. Using AO-imaging and NIR spectroscopy they could exclude that they are false-positives. Using spectroscopy obtained with UVES they obtained upper limits of their masses which are all in the planetary regime. Assuming that these candidates are hot Jupiters, the number of hot Jupiters is the same for A-type as for G-type stars (Guenther et al. 2016) . With an occurrence rate of 8.4 per cent instead of ≈ 1.2 per cent the frequency of hot Jupiters were about 7 times larger for A-type stars than for G-stars. Consequently, they would have found 7 times as many candidates, because the photometric sensitivity of CoRoT was more than sufficient to detect hot Jupiters of A-type stars. The CoRoT survey thus shows that the frequency of hot Jupiters of A-type stars is about the same, or even less than that of Gstars. The CoRoT survey thus also excluded that the frequency of hot Jupiters of A-type stars is as high as 8.4 per cent.
Although RV-surveys of A-type stars are very challenging, Borgniet et al. (2019) calculated the occurrence rate of closein BD and giant planets from their sample with HARPS and SOPHIE. They concluded that the giant planet occurrence rate is lower than 4.5 per cent. In this paper we show that Kepler retrieves an upper limit on the close-in hot Jupiter occurrence rate of 0.75 per cent. Combining the absence of transits in the Kepler sample of A-type stars and our upper limits a very high hot Jupiter frequency of 8.4 per cent seems very unlikely.
When compared to the theoretical predictions of the hot Jupiter frequency around main-sequence A-type stars our results are more consistent with the lower end of predictions like the ones from Stephan et al. (2018) .
Nevertheless the question remains open what else could be the cause of the peculiar feature.
Although we find only upper limits in the range of 1.5-2.9 M Jup , we can disprove the hypothesis that a close stellar companion is the source of the strange feature in the periodogram. A stellar companion would need to have an orbit of more than 30 years such that we could not find its trend in our two years of data. Due to Kepler's lower spacial resolution, a stellar companion in an orbit of up to 1000 years could still be present in the same Kepler pixel. Saio et al. (2018) propose a different explanation for the broad and sharp feature in the periodogram. They suggest that the sharp feature could be a signature of spots on the star. The broad feature could then be explained by Rossby waves. They explain that there should be a link between the rotational frequency and that of the Rossby waves. Therefore they call those stars with the peculiar feature 'hump & spike' stars. Nevertheless the question remains open why some of the rapidly rotating A-type stars show this kind of oscillations and some do not. In fact, in 81 per cent of the original Balona (2013) sample this kind of oscillations are not triggered.
The hypothesis of Saio et al. (2018) could be tested by taking a time series of spectra of the brightest targets of the sample. If the line distortions match the two periods causing the broad and the sharp peak this could indicate the presence of spots and oscillations. An exoplanet on the other hand does not cause line distortions that match its orbital period. This test was beyond the scope of this work and still needs to be conducted in the future.
Another explanation according to Sikora et al. (2018) could be that the sharp peaks originate from inhomogeneities near the surface and the broad peaks in a region near a convective-radiative boundary, but their studies are still ongoing.
CONCLUSIONS
Aim of this work is to compare theories of planet formation and evolution with observations. Jupiter-sized planets around intermediate-mass main-sequence stars are still very rare. Theories predict either a high frequency of close-in Jupiter-like planets around these stars (> 1.2 per cent) or a very low frequency (0.15 per cent). Balona (2014) found peculiar features in light curves of 166 Kepler stars. One possible explanation for this feature is the presence of close-in Jupiter sized companions. If these features are in fact the signature of close-in, massive planets it would mean that the frequency of such planets is a as high as 8 per cent. This is significantly higher than theories predict.
With observations from our two 2-m telescopes in Ondřejov and Tautenburg we present upper limits of possible planetarycompanion masses in the range of 3.8 M Jup -7.3 M Jup for six of the stars in question. This excludes close-in stellar companions as well as planets that are heavier than 7.3 M Jup .
We confirm that none of the planet candidates is transiting although statistically there should be around 80 transits. This makes the hypothesis of the 166 planets very unlikely.
From the Kepler sample of A-type stars there is only one detection of a hot Jupiter. As we have shown, transiting planets with the size of Jupiter can easily be detected in the Kepler data, even if they orbit A-type stars.
We derive that there is an upper limit of hot Jupiters of about 0.75 per cent. This is most consistent with the lower end of theoretical predictions. This is evidence for a lack of hot Jupiters around intermediate-mass main-sequence stars. Table A2 . Barycentric Julian dates at mean exposure and the radial velocities determined from cross-correlation. Table A5 . Part 3: Barycentric Julian dates at mean exposure and the radial velocities determined from cross-correlation.
